elineation of capture zones for

Todd W. Rayne Kenneth R, Bradbury
Maureen A, Muldoon

Abstract A wellhead protection study for the city of
Sturgeon Bay, Wisconsin, USA, demonstrates the neces-
sity of combining detailed hydrostratigraphic analysis
with groundwater modeling to delineate zones of contri-
bution for municipal wells in a fractured dolomite aqui-
fer. A numerical model (MODFLOW) was combined
with a particle tracking code (MODPATH) to simulate
the regional groundwater syvstom and to delincate capture
zones for municipal wells. The hyvdrostratigraphic model
mcluded vertical and horizontal fractures and high-per-
meability zones. Correlating stratigraphic interpretations
with ficld data such as geophysical logs, packer tests,
and fracture mapping resulted in the construction of a
numenical model with five high-permeability zones relat-
ed to bedding planes or facies changes. These zones
serve as major conduits for hornzontal groundwater flow.
Dipping fracture zones were simulated as thin high-per-
meability layers. The locations of exposed bedrock and
surficial karst features were used to identify areas of en-
hanced recharge. Model results show the vulnerability of
the municipal wells to pollution. Capture zones for the
wells extend several kilometers north and south from the
city. Travel times from recharge areas to all wells were
generally less than one vear. The high scasonal variabili-
tv of recharge mn the study area made the use of a tran-
sient model necessary,

Résumé Une étude powr la protection d’un champ cap-
tant pour fa ville de Sturgeon Bay (Wisconsin, Etats-
Unis) montre gu’il est nécessaire de combiner une analy-
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cipal wells in fractured dolomite,

se hvdrostratigraphique détaillée avec une modélisation
de la nappe pour défir les zones de contribution aux
puits captés pour alimentation en potable (AEP) dans un
aquiftre dolomitique fracturé. Un modéle numérigue
(MODFLOW) a ét¢ combmé avec un code de suivi de
particules (MODPATH) pour simuler le systéme aquifére
régional et pour délimiter les zones de prélévements con-
cemées par los puits de UAEP Le modele hydrostratigra-
phigque comporte des fractures verticales et horizontales
et des zones a forte perméabilité. Les mterprétations
stratigraphiques ont &t¢ corrélées avec les données de ter-
rain telles que les logs géophysiques, les tests entre
packers et la cartographie des fractures, de maniére a con-
struire un modéle numéngque avee cing zones a forte per-
méabilité hices & des plans de stratification ou a des varia-
tions de faciés. Ces zones constituent des conduits ma-
jeurs de Découlement horizontal des eaux souterraines.
Les zones de fractures qui plongent ont ¢t simulées com-
me des couches minces a forte perméabilité. La localisa-
tion des roches afffeurantes ot les phénomeénes karstiques
de surface ont &t¢ utilisés pour identifier les secteurs de
recharge plus importante. Les résultats da modéle mon-
trent la vulnérabilité des puits de UAEP 2 la pollution.
Les zones d alimentation des puits s ¢tendent a plusicurs
kilométres au nord et au sud de la ville. Les temps de par-
cours depuis fes zones de recharge vers tous les puits sont
en général mféricurs & un an. La forte variabilité saison-
niere de la recharge dans la région &tudide a rendu néces-
saire 'utilisation d’un modéle en régime transitoire.

Resumen Sc ha claborado un estudio de perimetros de
proteccion en la ciudad de Sturgeon Bay (Wisconsin,
Estados Unidos) que demuestra la necesidad de com-
binar analisis detallados hidroestratigraficos con mo-
delos numéricos para delimitar las zonas que contribu-
ven a los pozos de produccién municipal en un acuifero
de dolomitas fracturadas. Se combiné un modelo
numérico (MODFLOW) con un cédigo de segumiento
de particulas (MODPATH) para simular ¢l sistema regio-
nal de aguas subterrancas v para delimitar las dreas de
captura de los pozos municipales. El modelo hidroestra-
tigrafico incluia fracturas honizontales v verticales v zo-
nas de alta permeabilidad. Mediante correlacién de las
interpretaciones estratigréficas con diversos datos de
campo, tales como perfiles geofisicos, ensayvos con obtu-
radores v wdentificacidn de fracturas, se pudo constrair
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un modelo mamérico que mcorporaba cinco zonas de alta
permeabilidad relacionadas con planos de estratificacion
o cambios de facies. Estas zonas actuaban como conduc-
tos principales para el flujo horizontal de las aguas sub-
terrancas. Se simulé las zonas de buzamiento de las frac-
turas como capas delgadas de alta permeabilidad. Se em-
pled la sttnacidn de los afloramientos de la roca encajan-
te v las caracteristicas de karstificacidn superficial para
identificar las areas de recarga preferencial. Los resulta-
dos del modelo han mostrado la vulnerabilidad de los
pozos mumcipales frente a la contaminacion, Las dreas
de captura de dichos pozos se extienden varios kildme-
tros hacia ¢l norte v ¢l sor de la ciudad. Los tiempos de
transito desde las dreas de recarga hasta los pozos son
generalmente inferiores a wn afio. La clevada varnabili-
dad estacional de la recarga en la zona de estudio hizo
imprescindible la aplicacidn de un modelo transitorio.

Keywords carbonate rocks fractured rocks numerical
modeling  capture zones

Fig. 1 Location map showing
Sturgeon Bay, City of Sturgeon
Bay, Green Bay, and Lake
Michigan

Introduction

Background

Sturgeon Bav, Wisconsin is a city of about 9,000 resi-
dents i Door County, which occupics a penmsula
bounded by Green Bay on the northwest and Lake Mich-
igan on the southeast (Fig. 1). The city 18 situated on
both sides of Sturgeon Bay, a funnel-shaped bay extend-
g southeast from Green Bay, and linked to Lake Michi-
gzan by the Sturgeon Bay Ship Canal. The Door Peninsu-
la 15 composed of fractured dolomite of Silurian age
which dips gently to the southeast. The dolomite serves
as the principal aguifer for water supply n the county
(Sherrll 1975). Pleistocene glaciation has removed
much of the surficial sediments i the county, and the
dolomite 1s commonly exposed at the surface or covered
by thin soils m most of the county (Sherrill 1978). The
dolomite has undergone dissolution and shows numerous
small karst features. The lack of thick soil to attenuate
contaminants, combimed with the rapid groundwater

e,

Wissonsin
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movement through the fractured dolomite aquifer, results
m frequent contamination of groundwater by bacteria,
nitrate, and other pollutants (Shernill 1973).

The city of Storgeon Bay rehies entirely on groundwa-
ter pumped from municipal wells finished n the dolo-
mite aquifer for water supply. Since the turn of the cen-
tury, the city has installed 12 municipal wells within the
city himits. Water from nine of these wells has shown
bactenial contamination, and seven have been shut down
and abandoned. Currently (1999} the citv operates five
wells, Water from three of these wells is disinfected us-
mg on-site ozonation (McMahon Associates 1991),

The objective of the study was to delineate capture
zones for the five remaining municipal wells 1n the City
of Sturgeon Bav as part of a wellhead protection study.
Wellhead protection programs are designed to protect
groundwater used for public consumption by identifving
and managing potential sources of contamination within
the capture zone of the well. The capture zone is the
fand-surface arca where recharging precipitation enters a
groundwater system and cventually flows to a well
Methods for capture-zone delineation are presented in
United States Environmental Protection Agency (1987),
and Bradbury et al. (1991). Eckenfelder Inc. (1997}
presents methods of capture-zone delineation in carbon-
ate-rock aquifers in which open-conduit flow predomi-
nates.

Previous work m Door County indicated that vertical
fractures as well as horizontal bedding plancs and disso-
fution zones provide the pnimary pathways for ground-
water flow in the Silurian dolomite (Shemll 1978,
Bradbury and Muldoon 1992; Giannmy et al. 1996},
Development of a groundwater flow model for the Stur-
geon Bayv area requires characterization of vertical frac-
tures, honzontal high-permeability zones, and matrix
permeabilities at a regional scale. This study mtegrates
smrface and subsurface stratigraphic, geophysical, and
hvdrogeological data in order to characterize both the
honzontal high-permeability zones and matrix perme-
abilities m the dolomite aguifer.

Hydrogeology

The Silurian dolomite aquifer ranges in thickness from
60 to 150 m in the study area (Shemll 1973), and
consists of the Niagaran Serics and the underlving
Alexandrian Series (Fig. 2). Both series are made up of
gray, thmly bedded to massive dolomite with local
cherty zones and shale lavers. A more complete descrip-
tion of the dolomite stratigraphy can be found in
Gianniny et al. (1996).

The Ordovician Maguoketa shale underhies the dolo-
mite, and 1s a regional aquitard (Bradbury ot al. 1991).
Surficial deposits consist of unconsolidated Pleistocene
strata {(sand, gravel and lacustnne sediments), which
range in thickness from zero to about 10 m m the area
surrounding the city. In gencral, the Plestocene deposits
are less than 1 m thick on the upland arcas and greater
than 2 m thick n low-lying arcas.

Hydrogeology Journal (2001) 9:432-450

Series Group Formation Member

Engadine

Cordel

Manistigue

Niagaran Schooleraft

Hendricks Dolomite
Burat Biuff

Byron Dolomite

Alexandrian Mayville Dojomite

Magquoketa

Fig. 2 Stratigraphy of the Silurian dolomite in Door County

The dolomite has verv low primary permeability but
is extensively fractured. Studies by Shemill (1978),
Bradbury (1982), Bradbury et al. (1991), Bradbury and
Muldoon (1992}, and Roffers (1996) show vertical frac-
ture sets with orientations of about 70 and 155°. Average
fracture spacing is about 3 to 6 m (Bradbury et al. 1991).
Vertical fractures decrease mn aperture (width) and densi-
ty (mumber of fractures per unit arca) with depth (Shernill
1978), and serve as conduits for vertical movement of re-
charge and contaminants from the surface. High-perme-
ability horizontal features such as bedding planes are ev-
wdent in qoarry walls and outerops and appear on bore-
hole geophvsical logs such as natural gamma and heat-
pulse flowmeter. Although usually only a few centime-
ters thick, these plapar discontinuities form horizontal-
flow zones which can be correlated over distances of as
much as several kilometers in the subsurface (Giannmny
et al. 1996).

Determining the location and continuity of horizontal-
flow zones in the dolomite aquifor was essential to mod-
el groundwater flow accurately in the studv area. The ba-
sis for the conceptual model of the aquifer was the work
described by Gianniny et al. (1996), 1 which they iden-
tified 14 horizontal high-permeability zones within the
dolomite aguifer in the Sturgeon Bay area. All are paral-
lef to the bedding and are most highly developed at litho-
logic contacts. They range m thickness from 0.3 o 11 m,
and represent boundaries of contrasting hithologies, lay-
ers with high primary porosity (e.g., coguina-like pack-
stones or vuggy zones), or lithologies containing numer-
ous beddmg-plane partings at the boundaries of deposi-
tional cveles. In the study arca, there are five latorally
continuous flow zones {(termed C, D, E, I, and K in
Gianniny et al. 1996). In this report, the intervals of the
aquifer between the flow zones are considered “non-
flow” zones. Although some groundwater flow occurs m
these zones, the amount is relatively very small in com-
parison to that in the flow zones.
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Fig. 3 Long-term water-level fluctuations in observation well
DR-265 and precipitation data

Fig. 4a, b Distribution of
potentiometric head in the
study area. a Fall 1994 (n=67).
b Spring 1995 (n=92)

a Fall1994

Hydrogeologic Characterization

Water-Level Measuremenis

Water levels in the dolomite aquifer fluctuate seasonally
over 30 m due to short-duration, high-intensity recharge
events and low effective porosity in the fractured dolo-
mite (Sherrill 1978). The hvdrograph for US Geological
Survey observation well DR-263, in the northern part of
the city, shows annual water-level fluctuations of nearly
10 m in this unpumped well (Fig. 3). The annual low
point typically occurs in September or October, and the
annual high point tvpically oceurs in March or Aprif fol-

Explanation

+Municipat well

< QObservation well
¢ Domestic well

Line of equal potentiometric head;
" In meters above msi.
Contour interval 4 m;
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lowing periods of high recharge. The dvnamic fluctua-
tions of water levels in the dolomite aquifer indicate that
a single potentiometric map, which represents a “snap-
shot” of the heads in the aguifer, might be of limited use
for delineating zones of contribution to municipal wells.

In order to capture the range of water-level fluctna-
tions near Sturgeon Bay, water-level data from domestic
and monitoring wells were collected in November 1994
and April 1995 for use m the construction and calibra-
tion of the flow models and to provide msight nto
groundwater-flow directions. The measwed hydranlic
head is a composite value over the open wterval of the
borehole, which commonly extends for 30 to 100 m.

The two potentiometric surfaces for the fall and
spring, shown i Fig. 4, show the seasonal transience of
groundwater levels near Sturgeon Bav. Groundwater ele-
vations arc highest near the crest of the peninsula, and
slope east and west toward Lake Michigan and Green
Bay, respectively. The potentiometric surface also slopes
toward Sturgeon Bay and the Sturgeon Bav ship canal
from the north and south. During spring, measured po-
tentiometric levels exceed 204 m north and south of
Sturgeon Bav. During fall, potentiometric levels are sev-
cral meters lower,

Estimation of Recharge Rates

Soil characteristics, topography, the presence of karst
features and fractures, and the spanal and temporal dis-
tribution of annual precipitation work together to control
groundwater recharge rates in the study area. A soil-
water mass-balance analvsis (Swanson 1996 Bradbury
et al. 1998) was used to provide initial estimates of re-
charge rates. This method uses precipitation measure-
ments, estimates of runoff and evapotranspiration, and
soil-moisture storage capacity to estimate groundwater
recharge.

The soil-water mass-balance analvsis tends to under-
estimate groundwater recharge because 1t does not
account for water lost to runoff from ecach soil unit
(Swanson 1996). However, because most runoff in Door
County enters the subsurface in adjacent soil units or
through small karst features (Bradbury and Muldoon
1992), the estumated recharge values provide a reason-
able starting point for developing the model recharge
rates. Annual recharge rates from the soil-water mass-
balance method range from 0.14 to 0.24 m/fvear (5.7
to 9.3 w/year), with an ave erage of 0.2 m/vear (7.9 v/
vear). For companson, a previous study i northern
Door County determined an annual reuharge rate of
032 wm/vear (12.9 infvear; Bradbury 1982), and
Bradbury and Muldoon (1992) estimated an annual re-
charge rate of 0.20 m/year (7.8 w/vear) in central Door
County using well-hvdrograph analysis.

The results from the soil-nfiliration model mdicate
that all groundwater recharge during an average vear oc-
cars i March, April, October, and November. During
the winter (December through February) the ground is
frozen and precipttation accumulates as snow. A major

Hydrogeology Journal (2001) 9:432-450

<4ECity well 11; 1,25 m/‘,( !
"ﬁ i .7—‘ —A&-0.3 CFS PRI WSS

Explanation
# Pumping well, showing discharge, Q
4 Observation well, showing drawdown
A Stream gaging site, showing discharge

Fig. 5 Map of the City of Sturgeon Bay. showing observation
wells for city well pumping test with drawdowns after 4 h of
pumping and stream-measurement points with stream-flow values

recharge event occurs m March and April as the soil
thaws, the snowpack mels, and spring rains occur. From
May throug,h September, thc weather 18 warm, and ev-
apotranspiration generally excecds precipitation. During
Cctober and November, evapotranspiration decreases
and fall rains occur. Using both steady-state and transient
models to determine seasonal recharge, Bradbury (1982)
determined spring recharge rates in northern Door Coun-
ty of 0.33 to 0.72 m/vear (13.1 to 28.3 in/vear), and fall
recharge rates of 0.07 m/vear (2.8 w/vear).

Recharge-rate estimates based on the soi-infiltration
model do not account for the presence of shallow bed-
rock, sinkholes, closed depressions, and other karst and
fracture features which may act to focus groundwater re-
charge. Maps of surface-solation features from Stieglitz
and Duecppen (1994}, and Sticglitz and Johnson (1996),
soil maps showing areas of thin or no soil, and fracture
density maps at several scales (Roffers 1996) were used
to locate arcas where recharge may be focused. Arecas of
exsposed dolomite, thin soils, and solution features or m-
tense vertical fracturing were assigned the highest re-
charge rates. Areas with no solution features or low frac-
ture density or thick souls were given the lowest rates.

Determination of Hydraulic Conductivity

City well pumping test

Water-level fluctnations 1 nearby wells in response to
pumping from municipal supply wells show that the do-
fomite aquifer is laterally well connected in the subsur-
face. A pumping test in which city well 3 (Fig. 3) was
pumped for four hours caused 0.46 m (1.3 1) of draw-
down in city well 1, which is on the opposite side of the
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Fig. 6 Relation between drawdown and t/r2 for the city well
pumping test, showing comparison with the Theis-type curve

Sturgeon Bay channel from the pumping well, The rapid
response of well 1 mdicates that the Sturgcon Bay chan-
nel does not act as a significant boundary to lateral
groundwater movement beneath it. Results of this test,
analyzed using the Theis (1933) artesian non-leaky mod-
el, vielded an average transmissivity of 980 m?/day, and
a storage coefficient of 3x10-5,

Drawdown data from wells DR-263 and city well 11
during the city well 3 pumping test are verv sumilar, and
drawdown data from city well 1 approach these at late
times (Fig. 6). All three data sets approximate the Theis
curve at late times, showing that at a large (100- to
1,000-m) scale, the delomite aquifer responds as an
equivalent porous medim. However, this assumption
breaks down at the smaller scales needed for wellhead-
protection and transport stndies.

Hydraulic conductivity tests using straddle packers

A series of pumping tests in two deep wells (DR-263 and
DR-398) using straddle packers demonsirated the impor-
tance of near-honizontal fracture zones m controlling
groundwater flow in the study area. The tests, described
in detaill in Bradbury et al. (1998), were designed to
measure the hydraulic conductivity of specific fractured
and non-fractured zones identified on borchole logs by
1solating the mtervals with nflatable packers. The tests
also provided reliable measurements of the vertical dis-
tribution of hvdraukic head at the two sites.

Hydraulic conductivity values, vertically averaged
over the packer mterval of 2.9 m m well DR-2635, are
shown in Fig. 7. The values range over six orders of
magnitude in one well, from 0.0006 to 70 m/day (2x10-8
to 3x10°3 {i/s). Most of the highest values of hydraulic
conductivity, generally above 0.1 m/dav, are clearly as-
sociated with fracture zones (test zones 1, 4, 3, 6, and 10
on Fig. 7). The conductivity of unfractured dolomite,
measured at this scale, is about 1.5x102 m/dav, as
shown by test zones 3 and 7. The base of the well pene-
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trates shale of the Maguoketa Formation. This material
has a hydraulic conductivity of less than 10 m/day
{zone 12 on Fig. 7).

The hvdraulic conductivity of these mtervals 1s mter-
preted to be almost entirely due to near-horizontal frac-
tures, while the rock matrix vields Little water. Therefore,
the packer-test estimates are probably lower than the hy-
draulic conductivity of individual fractures. However,
the test-zone thickness is comsisient with the vertical
discretization scale of the numerical model.

Hydrauhic heads measured prior to pomping dunng
the packer tests show that significant vertical hydraulic
gradients exist 1in the dolomite. The total hydraulic head
{right-hand curve) in well DR-2635 decreases from about
182 m above sea level at test zone 1, at 135-m elevation,
to less than 180 m at test zone 4, at 108-m clevation
{Fig. 7). Below test zone 4 the head increases steadily to
zone 11 (elevation 38 m) at the top of the Maquoketa
Formation. The vertical hvdraulic gradient 15 thus down-
ward i the upper part of the aquifer, and upward in the
lower part of the aguifer. Note that the lowest total head
coincides with the position of highest hvdraulic conduc-
fivity, a large conductive fracture at elevation 108 m.

Specific capacity estimates

Specific capacity tests n private domestic wells provide
additional mformation on the distribution of hydrauhe
conductivity in the study arca. Well contractors com-
monly measure the specific capacity of private wells, de-
fined as the sustainable pumping rate divided by the
drawdown o the well at a quasi steady state, as a guide
to predicting well performance. We used the TGUESS
code of Bradbury and Rothschild (1983) to estimate hy-
draulic conductivity of 350 wells 1 the Sturgeon Bay ar-
ea. These estimates are based on many simplifying as-
sumptions and are only approximate, but the results can
be used to identify regional averages and spatial trends
in arcas where more ngorous aquifer tests are not abun-
dant.

The specific-capacity estimates vield a geometric
mean hydraulic conductivity of 0.3 m/day (1x10-3 ft/s)
for the Sturgeon Bay area, and represent a composite av-
erage over the entire thickness of the dolomite aguifer,
Table 1 summarizes the test results and Fig. 8 shows the
location of high K estimates in the study area.

Although no clear spatial trends are apparent 1 the
composite hydraulic conductivity across the stady area

Table 1 Results of hydraulic-conductivity estimates based on spe-
cific-capacity tests

Statistic Hydraulic conductivity (m/day)
Number of tests 350

Minimum 0.011

Maximum 210

Mean 2.5

Geometric mean 0.27
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Fig. 7 Results of borehole
geophysical logging and packer
testing in well DR-265. Head
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(Fig. 8), a small number of relatively high hydraulic-
conductivity values occur northeast and southwest of the
Sturgeon Bay city limits.

Groundwater Geochemistry

The geochemistry and isotopic signature of water in the
study area were examined to provide information on
flow-path length and groundwater age, which was used
to help validate the numerical model. The major-ion
geochemistry of water samples from the city wells is
rather uniform and indicates that the water is at near-
equilibriom with dolomite (Bradbury et al. 1998). Sur-
face water in Sturgeon Bay has lower values of total dis-
solved solids than local groundwater (Bradbury et al.
1998).

Hydrogeology Journal (2001) 9:432-450

Total head (m above msl)

Tritium concentrations in the Sturgeon Bay municipal
wells range from about 9 to 16 TU (Table 2), within the
range of current precipitation. Tritium data indicate that
the water 1s young and suggest that travel times from re-
charge areas to the wells are relatively short (<33 vears).
A plot of 8180 versus 62H concentrations shows that
groundwater samples from municipal wells and upgradi-
ent observation wells fall near the local meteoric water
line, whereas local surface water plots significantly to
the right of the line (Fig. 9). These results show a lack of
significant groundwater-surface water mixing in the do-
lomite aquifer near Sturgeon Bay, and indicate that the
Sturgeon Bay municipal wells do not produce significant
quantities of local surface water.
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Fig. 8 Locations of hydraulic-conductivity estimates based on
specific-capacity data. Large circles represent hydraulic-conduc-
tivity estimates greater than 10 m/day
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Fig. 9 Relations between 830 versus 82H for Sturgeon Bay
groundwater and surface water
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Groundwater Modeling

Approach

The modeling component of this study was done in three
phases. In phase one, a two-dimensional particle-track-
ing code was used to approximate the shapes of the cap-
ture zones (Bradbory ot al. 1998). In phase two, a tran-
sient, three-dimensional code (MODFLOW, McDonald
and Harbangh 19%8) was applied to more completely
simulate the aquifer and to delincate capture zones with
more accuracy. In the third modeling phase. a simple,
two-dimensional fracture network model (Rouleau 1988)
was used to study the lateral spreading of water m the
fractured unsaturated zone above the water table.

Conceptual Model

The basis of the conceptual model for the Sturgeon Bay
study is derived from the stratigraphic and hydrogeolog-
ic studies of Gianniny et al. (1996}, and previous work
by Bradbury and Muldoon (1992), and Shernidl (1978).
The aquifer 15 composed of multiple dipping lavers of
dolomite, with an uppermost laver of unconsolidated
sand and gravel and lacustrine deposits.

Hydrauhcally, the dolomite aquifer near Sturgeon Bay
15 conceived to behave as a dual-porosity svstem. The
horizontal-flow zones control lateral groundwater move-
ment and are responsible for almost all of the aquifer’s
transmissivity, The unfractured dolomite matrix contrib-
wtes little transmissivity to the svstem but is important to
groundwater storage. Vertical fracturcs control the flow
between near-horizontal flow zones.

The recharge rate 1s spatially vanable, related to arcas
where fractured dolomite is exposed and has undergone
solution, or where soils are thin or absent.

Boundary conditions include specified head bound-
aries 1n Lake Michigan and Green Bay (177 m; the long-
term average lake elovation), hcad-dependent flox
boundarics 1 Sturgeon Bay and streams in the model ar-
ea, and no-flow boundaries at groundwater divides. The
locations of groundwater divides were determined from
the potentiometric-surface maps. Pumping rates for City
of Sturgeon Bay municipal wells were averaged over a

Table 2 Isotopic contents of

water from Sturgeon Bay mu- Sample location Sample date 3180 82H *H Tritium error
nicipal wells and local surface (per mil (per mil (tritium  (tritium units)
waters SMOW) SMOW) units)

Green Bay — Big Quarry 6 Nov 1994 -6.31 4726 19.6 14

Sturgeon Bay — downtown 6 Nov 1994 -6.51 -50.73 194 14

Lake Michigan at 6 Nov 1994 -6.26 -47.03 214 1.6

Coast Guard Station

City well 3 3 Jan 1995 -11.07 ~72.30 143 1.1

City well 3 5 July 1995 -11.00 —72.92 16.2 1.2

City well 6 3 Jan 1995 -10.75 ~71.62 14.0 1.0

City well 7 3 Jan 1995 -10.86 -73.37 13.0 1.0

City well 7 5 July 1995 -10.66 ~72.78 142 1.1

City well 8 3 Jan 1995 -10.92 ~74.44 104 0.8

City well 10 3 Jan 1995 -10.72 —70.83 8.8 0.7

City well 10 5 July 1995 -10.60 ~72.63 11.2 0.9
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Fig. 10 MODFLOW model
grid

year to give temporally uniform withdrawal rates for
cach well.

MODFLOW Model

The goal of the modeling was to construct a groundwater
model which would simulate the aquifer as realistically
as possible. This required a three-domensional transient
model with spatial and temporal vanability of recharge
rates, simulation of near-horizontal flow zones, and rea-
sonable representation of boundary conditions. The agu-
fer was modeled usimg MODFLOW (McDonald and
Harbaugh 1988}, a modular, three-dimensional, transient
finite-difference model, and Groundwater Vistas (Envi-
ronmental Simulations Inc. 1996}, a graphical user mter-
face for model input, output, and data visualization. At
this stage, both steady-state and transient models were
developed. A transient model most accurately reflects
aguifer behavior because of the dynamic seasonal water-
level fluctuations seen m wells,

Hydrogeology Journal (2001) 9:432-450

Spatial and temporal discretization

The MODFLOW model consists of 99 rows, 97 col-
umns, and 12 layers, for a total of 115,236 fmiute~-differ-
ence cells, of which 90,560 are active. The model grid
(Fig. 10) 15 aligned 60° from north in order to match the
average orentation of vertical fracture sets. The gnd 1s
wregularly spaced, with node spacing ranging from 30 m
in the City of Sturgeon Bay to 1,000 m at the edges of
the model. Gnid spacing was alse finer near arcas known
to contain abundant small karst features or exposed frac-
tures m order to simulate spatial vanability of recharge
more accurately. The uppermost laver (laver 1) in two
cross-sectional views of the model represents anbthified
material at the surface (Fig. 11). Layers 2—-12 represent
dipping bedrock, and are arranged to discretely simulate
the five continuous flow zones and related non-flow
zones dentified by Guannminy et al. (1996) m the study
area. The model sumulates the flow zones as thin, contin-
wous, highly permeable layers. The mntervals between the
flow zones were modeled as thicker lavers with lower
horizontal and vertical hydraulic conductivity, The 11
bedrock lavers dip approximately one degree to the
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Fig. 11a, b Sections along 8 south north
rows and columns of the model section along row 26 (view from east)
grid. a South-north along T O By oy
row 26. b East-west along e iinill
column 32 8 —
b east west
section along col 32 {view from north)
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Table 3 Values of hydraulic conductivity used in the model

Layer number Horizontal K Vertical K
(m/day) (m/day)

1 0.1 0.1

2 1 0.1
3 45 4.5

4 4.5 0.6
52 45,350 45,35
62 1,55 0.1,5.5
7a 0.5, 350 0.01,3.5
82 25,55 03,55
9a 45,350 4.5

102 0.95, 55 0.01,5.5
11 45 45

12a 0.2,55 0.05,5.5

al.ayers with two conductivity zones (see Fig. 12)

southeast. The top layer, representing surficial unlithafied
material, truncates the bedrock layvers unconformably,
and has variable thickness. The thickness of ecach re-
maining bedrock laver is uniform throughout the model
domain, but thickuness vares between lavers. Thickness
of lavers ranges from less than 1 to 40 m. Vertical frac-
tures were not modeled discretely. It 1s assumed that ver-
tical fractures are dense enough that their effects can be

tamped into the vertical hydraulic-conductivity term for

cach laver (Table 3).

The transiont model was constracted to simulate the
groundwater system through one water vear, from Octo-
ber through September. The model uses six stress pern-

Hydrogeology Journal (2001) 9:432-430

ods which range m length from 30 to 130 davs. Each
stress period has different recharge rates, as shown in
Table 4. Imitial head conditions for the transient runs
were taken from the calibrated steady-state model. Val-
wes of hyvdranlic conductivity and rver-node parameters
from the steady-state model were used m the transient
model.

In the transient model the initial starting heads,
thought to represent fall conditions, were not rephicated
after one model cycle (six stress periods which represent
scasonal and subscasonal periods of high and low re-
charge rates; Table 4). The model did not achiove tran-
sient stability (the ability to replicate one “model” vear
with the next model vear) until at least two cvcles of the
model were complete. The final model then consisted of
12 stress periods, reprosenting two identical vears.

Boundary conditions

All boundary conditions which were identified in the
conceptual model wore used n the numerical model.
Submarine outcrop areas of the dolomite in Green Bay
and Lake Michigan were modeled as specified head
boundaries. Head-dependent flux boundaries were used
under parts of Green Bav, parts of Lake Michigan,
Sturgeon Bay, and in the major streams using the
MODFLOW river package. This tvpe of boundary al-
fows the model to compute the flux into or out of the
aquifer depending on the head differcnce between the
stream {or bav) and the aguifer. The groundwater divides
were identified from the spring and fall potentiometnic
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Fig. 12 High hydraulic-
conductivity (K) zone in the
MODFLOW model

Table 4 Lengths of recharge periods and recharge rates in the four
recharge zones for steady-state and transient model runs

Recharge Length of period Recharge  Recharge
period {(no. days, month) zone rate
(m/day)
Steady state 1
- 2
- 3 6.0E- 04
- 4 S.O8
i 31, October 1
2
3
4
2 30, November 1
2
3
4
3 91, Becember—February 1
2
3
4
4 31, March 1
2
3
4
5 30, Aprid 1
2
3
4
6 153, May—September 1
2
3
4

Hydrogeology Journal (2001) 9:432-450

[
01234 km

maps (Fig. 4) and they were treated as no-flow bound-
aries i alf lavers,

Municipal wells for the City of Sturgeon Bay were
modeled by removing water from the model at the loca-
tion of each well Thc average pumpm;:, rates were calcu-
lated by summing monthly pumping rates over a I-vear
period for cach well and converting the rate to units of
m3/day. Pumpmg rates were apportioned to each flow
fayer n cach well by weighting the total pumping rate by
the transmissivity of each flow laver using the method of
McDonald and Harbaugh (1988).

Parameter values

Parameters required for the MODFLOW model melude
hydraulic conductivity, storage coefficient, specific
vield, porosity, and recharge. Hydraulic-conductivity
values were assigned based on the results of pumping
tests and packer tests conducted as part of this study.
In addition, results from pumping tests conducted by
Shemill (1975) were used. Vertical hydravhic conductivi-
tv was calculated using an estimated anisotropy ratio
(K /K, of 10 based on the work of Bradbury (1982).
Values of hydraulic conductivity used in the model are
shown in Table 3.

A high hvdraunlic-conductivity (K) zgne m the central
area of the model domain was used in 1 avers 5 through
10 (Fig. 12). The high-K zone was delineated on the ba-
sis of transmissivity estimates from specific-capacity
tests using TGUESS (Bradbury and Rothschild 1985).
This large area 1s topographically low, which suggests
the occurrence of more ntensively fractured and thus
more casily eroded rock. Furthermore, head values w
this area were unacceptably high m carlv model runs
with the high-K zone not present.
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Fig. 13a, b Model-simulated
hydraulic head at calibration
targets. a Fall. b Spring

a Fall 1994
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Explanation

¢ Municipal well
<+ Observation well

® Domestic well

Line of equal polentiometric head;
in meters above msl.

0"
Contour interval 4 m;

Vahues of storativity for the transient model, deter-
mined from pumping tests and packer tosts, range from
0.00035 to 0.001. The storativity values were varied to as-
sist m the calibration; a unmiform value of 0.0006 was
used 1n the calibrated model Storativity 1n the uncon-
fined lavers 13 approximated by the specific vield, esti-
mated at .01, a value typical for fractured aguifers
(Bradbury et al. 1998),

Effective porosity is used m the particle-tracking
maodel for velocity calculations. A uniform effective po-
rosity value of 0.0003 was used in the numerical model
This seemmegly low value is similar to a value from

Hydrogeology Journal (2001) 9:432-430

A
/’2—

dashed whers uncertain

Bradbury and Muldoon (1994} who used effective poros-
ity as a calibration parameter 1 a discrete-fracture model
in central Door County. In addition, Muldoon and
Bradbury (1998) used an effective porosity value of
0.0003 to successfully model tracer experiments con-
ducted in a quarry four kilomcters south of Sturgeon
Bav. Furthermore, porosity values ranging from 0.0003
to 0.002 were calculated using fracture-density measure-
ments from Bradbury and Muldoon (1994),

The arcal distribution of recharge was assigned based
on the presence of karst landforms and fractures (closed
depressions, known smkholes, exposed fractured rock).
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Model cells overlving such foatures were imitially as-
signed a recharge rate double the estimate obtained from
the soil-infiliration model. These values were varied
slightly durning model calibration. Recharge rates were
also varied in the transient model to refloct seasonal vari-
ability of recharge (i.e.. very little 1n mid-winter and sum-
mer, high 1 November, March, and Apnil). Six recharge
periods were used m the final transient model (Table 4).

Model Calibration

Calibration of the steady-state model nvolved adjusting
values of hydrashc conductivity and recharge within a rea-
sonable range (1.e., within measured and estimated values)
unii the best match between measured heads (from the po-
tentiometric maps) and modeled heads was attained. The
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Fig. 14 Relation between measured and computed hydraulic
heads at calibration targets

hyvdraulic conductivity and thackness of stream sediments
were also adjusted to calibrate modeled fluxes to measured
base-flow values. The transient model was also calibrated
by adjusting values of the hvdraulic conductivity and
thickness of stream sediments. The range of vertical hy-
draulic conductivity values for stream and lake sediments
(0.005-1.5 m/day) were based on work by Bradbury
(1982). Stream-sediment thickness was measured and esti-
mated from ficldwork. Streamflows were measured in four
locations on two streams in August 1995 (Fig. 5).

Steady-state model calibration consisted of repeated
model runs attempting to match hydraulic heads m 73
calibration targets distributed among nine of the 12 mod-
el lavers. The calibration targets were water levels m
domestic wells measured dunng 1994 and 1993, and
the vertical distribution of hvdraulic head measured dur-
ing the packer tests on monitoring wells DR-265 and
DR-398 (Fig. 7). In addition, the long-term daily average
water levels measured m well DR-263 were used to con-
strain the transient calibration. Calibration of the tran-
sient model was accomplished by adjusting recharge
rates in each zone and in each period until the modeled
heads matched measured heads 10 well DR-263,

The distribution of hydraulic head m model layer 7
(representing flow zone E; Gianniny ot al. 1996) at tran-
sient time steps representing fall and spring conditions
shows an acceptable reproduction of water levels at the
calibration targets (Fig. 13; cf. Fig. 4). Model residuals
range from -34.8 to +7.5 m, with a mean resudual of
~0.19 m (Fig. 14). Most of the data fall near the ideal 45°
line of perfect calibration, but some outhers also occur.
These outliers could be due to measurement enror as well
as model error or to problems of well construction in the
target wells. The transient model acceptably reproduces
the hydrograph from well DR-265 (Fig. 15). The com-
puted heads are within one standard deviation of the

Fig. 15 Computed and mea- 188 T
sured long-term hydrograph of

well DR-2635, showing recharge 5

in transient model 186 L

184

Total head (m)

—
o
<
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176 -
0 40 80
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Fig. 16 Sensitivity analysis for

A. Recharge in zone 1
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B. Recharge in zone 2
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nine-year mean water level for most of the simulation
period.

In both the steady-state and transient models, the
main source of inflow 15 recharge, whereas outflow 1s
through niver cells and wells. In the transient model, -
flow 1s also derived from storage. Water-balance calcula-
tions for the steadv-state and transicnt models have er-
rors of less than 0.1%.

Model Sensitivity

Estomates of all parameters in the model have associated
uncertainty. To examine uncertainty, sensitivity analyses
were performed by systematically changing the value of
one parameter within a plansible range and examining
the effect on the sum of squared head residuals in the
calibrated stcadv-state model. Sensiivity of recharge
rates and K in selected zones m the steadv-state model,
plotted as the value of the sum of squared head residuals

Hydrogeology Journal (2001) 9:432-430

(S8R) versus the multiplier of the parameter, are shown
n Fig. 16, The modeled heoads are most sensitive to re-
charge rates, particularly in zone 3 which covers the
highest percentage of the model arca. Compared to re-
charge rates, modeled heads are msensitive to hydraulic
conductivity (Fig. 16E), and the anisotropy ratio (KJ/K)
in non-flow zones (Fig. 16F).

Some of the sensitivity graphs in Fig. 16 show that a
multiplier other than 1.0 produces a shightly lower sum
of squared head residuals. The parameter values which
produced a lower S5R were not used because they were
etther outside of the plausible range of measured values
or they produced unacceptable results in the transient
model.

Particle Tracking
Particle tracking was performed using the MODPATH-3
code (Pollock 1994}, chosen for iis capability to do
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Fig. 17 MODPATH-generated
particle paths for the five city
wells

kiometars

reverse particle tracking m  fransient  groundwater
flow. MODPATH operates as a post-processor to the
MODFLOW model, and uses the MODFLOW cell-bv-
cell mass-balance files to calculate flow velocities
throughout the aquifer. MODPATH then tracks particles
through the calculated flow field. Particles were mitial-
ized in rings of ten particles placed around the five
municipal wells in flow zones open 1n each well
MODPATH then tracked these particles backwards in
time through the transiont-flow field until the particles
reached the water table. The outline of the resulting
paths delineates the zone of contribution for the well.
Particle-tracking simulations were done with steady-
state and transiont versions of the model, but only tran-
sient simulations were used for delineation of the final
capture zones. To test the results of reverse particle
tracking in a transient model, forward sumulations were
performed with the particles starting at ending locations
determined bv the reverse runs. The results were differ-
ent from the reverse runs, implying that simple reverse
particle tracking may not be appropriate in transient
maodels. This i3 probably dae to the temporal changes in
the configuration of the water table and potentiometric
swifaces in a transient-model run. To resolve this prob-

Hydrogeology Journal (2001) 9:432-450

lem with reverse particle tracking m a transient model,
an approach snggested by Zheng and Bennett (1995) was
adapted, in which particles are started from wells at each
time step 1n the transient model. Particles were started at
the beginning of cach of the 12 stress periods m the two-
vear model run. The resulting collection of particle paths
outlines the transient-capture zone for each well.

In order to generate a conservative capture-zone anal-
vsis, the simulated pumping rates of the city wells were
ingreased to the maxamum pump capacity for each well
before running the final transient particle-path simula-
tions. For most of the wells, this pumping rate 1s about
double the actual rate of use. Using the higher pumping
rates produces shightly larger capture zones, and i3 con-
sidered appropriate for futnre planning scenarios in
which water use m Sturgeon Bay might increase or one
or more wells have to be taken off line for repairs.

The wells on the northem side of the city have cap-
ture zones extending nearly 10 km to the northeast.
whereas capture zones for the wells on the south side of
the city extend nearly 7 km to the southwest (Fig. 17).
Groundwater travel times from the water table to the mu-
nicipal wells vary with depth in the well but inn all cases
are quite short. The average travel time from the water
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table to the wells wag 152 davs. The mmum and maxi-
mum travel times were 14 and 729 davs, respectively.
Several of the particles had paths originating in Sturgeon
Bay, indicating that some municipal wells mayv be induc-
ing the flow of surface water from the bayv mto the aqui-
fer. All particles reached the water table or the bay with-
in the two-year simulation time.

Effective porosity {(n_) 18 the only parameter used by
MODPATH which is independent of the calibrated flow
model. In order to examine the sensitivity of the particle
travel times to effective porosity, particle-tracking runs
were performed with n, values ranging between 0.0003
and 0.002. Even with the higher value of n,, particle
travel times remained short. Using an effective porosity
of 0.002, average travel time to a well was 416 davs,
with 90% of the particles traveling from the water table
to the wells within two vears. Average travel time to a
well was 127 days using an effective porosity of 0.0003,

The near-horizontal flow zones clearly control ground-
water movement to the municipal wells, Figure 18 15 a
section along model row 27 showing the vertical sense
of particle movement to city wells 8§ and 3. Particle
movement is largely vertical from the water table to the
first major flow zone. Upon entening a flow zone, parti-
cle movement is mostly horizontal,

Two-Dimensional Fracture Network Mode!

The saturated-zone particle tracking using the MODFLOW
and MODPATH models delincates well capture zones for
the saturated zone only. This procedure could underesti-
mate the lateral extent of the capture zones because it
does not account for lateral spreading m the unsaturated
zone above the water table. The unsaturated zone m the
Sturgeon Bay arca, particularly in arcas north and south
of the city limits, can be up to 30 m thick Recharging
water moves through the shallow fracture network above
the water table, and the complex fracture pathways
might lead to significant lateral movement of water.

A stochastic, two-dimensional, discrete fracture-flow
model (Rouleau 1988. modified by Bradbury and
Muldoon 1994) was used to test the amount of lateral
spreading which might ocour in the unsaturated zone be-
tween the land surface and the water table. The model
creates realizations of fracture networks based on statis-
tical properties of fractures measured in the field, simu-
lates saturated groondwater flow, and tracks hyvpothetical
particles of water through the domain. The use of a satu-
rated-flow model in the unsaturated zone 18 acceptable

Hydrogeology Journal (2001) 9:432-430
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Fig. 19a, b Problem domain for the fracture-network model.
a Simulated fractures. b Particle-tracking results. Thick lines are
particle paths

because, during recharge events, the fracture network be-
comes satorated for short periods of time, whereas the
rock matrix remains unsaturated. This model does not
consider flow in the rock matrix.

The spreading analysis uses a hypothetical problem
domain of a cross section 100 m long and 20 m thick.
The heads at the top and bottom boundarics are constant,
with a 3-m head loss across the section from top to bot-
tom. The sides of the model domam are no-flow bound-
arics. Parficles are injected along a 2-m-wide strip cen-
tered along the upper boundary. Simulated particles were
inifiated at 0.1-m ncrements across this distance (i.e.. 21
particles). Three sets of fractures were sumulated in the
model, with statistical properties based on measurements
from Bradbury and Muldoon (1994}, and Roffers (1996).
Set 1 represents near-horizontal beddmg-plane fractures.
Sets 2 and 3 represent near-vertical fractures (Fig. 19).

Based on 10 stochastic realizations of the fracture net-
work, the lateral spreading at the 20-m boundary 1s cen-
tered 3.3 m down dip, with a standard deviation of
152 m (Fig. 19b}). Assummg this trend 1s hnear with
depth, and that the average depth to groundwater beneath
the capture zone boundaries is 40 m, the model analvsis
gives a horizontal spreading distance of about 26 m.
However, this analvsis contams many uncertainfies, mn-
cludmg local variations in fracture characteristics, water-
table depth, and recharge rates. For the purpose of a
welthead protection study, a conservative lateral spread-
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Fig. 20 Final extent of capture
zones for the Sturgeon Bay
municipal wells

B Copture zone for wall

tﬁ Gty wailwith loss] numbser

ing distance of 100 m bevond the capture zones delincat-
ed in the three-dimensional model was chosen. The final
capture zones were extended horizontally 100 m in every
direction to account for this potential spreadmg. Al-
though the resulis of the lateral spreadmg analysis for
this study did not add a substantial amount of arca to the
capture zones, this process could be mmportant in studies
where capture zones are small or where the unsaturated
zone is thick.

Resulis and Discussion

Results

Areal extent of capture zones

The capture zones for the Sturgeon Bay wells extend up
to 10 km to the north and up to 7 km to the south of the
city, as shown 1n Fig. 20. They were delineated by digi-
tizing the boundaries of the collection of transient parti-
cle paths for cach well (Fig. 17) and then extending the
capture zones outward by 100 m to account for spread-
g n the ensaturated zone. Using this procedure, the
capture zones for two wells (city wells 6 and 7) overlap,
and are shown as one zone (Fig. 20). The transient parti-
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cle paths also indicate that two wells (city wells 6 and 7)
can potentially draw surface water from Sturgeon Bay.
However, 1sotope data from water i city wells suggest
that the amount of surface water 1s small.

Travel times to the Sturgeon Bay wells

Travel times from the land surface to the Sturgeon Bay
wells are probably less than one vear from anvwhere in
the capture zones. Longer travel times are also possible,
given the complexity of the fractured grouwndwater
system. However, it 1s unlikely that travel times ever ex-
ceed three vears. The short travel times are a result of the
combination of laterally continuous, high-K horizontal-
flow zones and the extensive vertical fractures and karst
features.

Such rapid travel times are far more rapid than in
most other aguifers and are directly related to the hydro-
geology of the fractured dolomite in the area. For com-
parison, travel times to municipal wells 10 a sandstone
aguifer 1 Danc County, Wisconsin range from hundrods
to thousands of vears (Bradbury ot al. 1996).
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Discussion

Reliability of models and results

Questions always arise about the reliability and validity
of capture zones generated by numerical models, and
these concerns are clearly warranted given the complex
hydrogeology of the study area. Although errors and al-
ternative interpretations of the data are alwavs possible,
the analyses presented in this study are mternally consis-
tent and are also consistent with other work m Door
County.

For example, the geochemical and isotopic analyses
of groundwater m the study area are consistent with our
model of rapid groundwater flow. All water samples are
1sotopically voung and have been isolated from the at-
mosphere for fess than 33 vears. In addition, although
this study did not include tracer experiments, the rapid
groundwater velocities predicted by the model (average
of 65 m/dav) are consistent with reported groundwater
velocities of 17 and 115 m/dav from tracer experiments
and contamimant momtoring m central Door County
{Bradbury and Muldoon 1992). Furthermore, Muldoon
and Bradbury (1998) observed groundwater velocities of
up to 90 m/day in carefully controlled tracer experiments
at a quarry four kilometers south of Sturgeon Bay,

Implications for other wellhead protection studies

The results of this study have significant implhications for
other wellhead protection studies w fractured carbonate-
rock aguifers. A sufficiently detailed hvdrostratigraphic
model was critical to understanding the hydrogeology of
the Sturgeon Bay area, and 1s a necessity for any serious
hydrogeologic analyvses in carbonate-rock aquifers. The
work of Gianniny et al. (1996} was the basis for the con-
ceptual model of the aquifer and allowed the vse of a po-
rous-media model to simulate groundwater flow and de-
lincate zones of capture for the wells. This was desirable
because the porous media model (MODFLOW) has fea-
tures, such as the capability to simulate complex bound-
ary conditions, which are not currently available in frac-
ture models. The porous-medium approach to modeling
can be used with success m large-scale studies of frac-
tured carbonate rock if the detailed hydrostratigraphy is
understood.

In fractured carbonate-rock aguifers, the groundwater
flow velocities can be so high, and the resulung travel
times so short, that the usnal welthead protection time-
of-travel criteria (2, 3, 10 vears, ete.) recommended by
most wellhead protection manuals (e.g.. United States
Environmental Protection Agency 1987) have httle
meaning. In particular, 1t may be mmpossible to prioritize
arcas within the ultimate zone of capture based on time
of travel to a well. For example, in this study some arcas
farther from the municipal wells are probably more criti-
cal than areas nearer to the wells because of the presence
of the horizontal-flow zones which can rapadly conduct
water to the wells from great distances.

Given a well-defined hydrostratigraphic model, the
porous-media model MODFLOW 18 adeqguate for simu-
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fating flow in the dolomite aquifer as long as individual
horizontal-flow zones are recognized and modeled as
discrete fayers. MODFLOW’s lack of capability to ex-
pheitly simulate fracture flow 1s balanced by 1ts flexabili-
tv 1 simulating the complex boundary conditions found
in this real-world problem.
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